Photon emission with nonclassical photon statistics is discussed with a single InAlAs quantum dot. The deterministic single-photon generation in which the emitted photon wavelength matches well to the highly sensitive wavelength region of highly efficient, low-noise Si-single-photon detectors and also to an atmospheric transmission window is demonstrated. Competing transition processes between neutral and charged exciton species originating from an exclusive formation in the same single quantum dot are clarified. It was found that suppressing the charged exciton formation is possible by a quasi-resonant excitation for a deterministic monochromatic single-photon generation. Polarizationdependent photoluminescence spectroscopy clearly indicates the preservation of photon polarizations between photons emitted by biexciton/exciton recombinations. Furthermore, the deterministic polarization-correlated photon pair generation with biexciton-exciton cascaded transition occurring in a single quantum dot is directly confirmed by the polarized second-order photon correlation measurements. This indicates a longer polarization flip time than the exciton lifetime, which is an essential requirement for the deterministic Einstein-Podolsky-Rosen photon pair generation under the present biexciton-exciton cascaded transition scheme.
INTRODUCTION
After an introduction of the first complete protocol by Bennett and Bastard in 1984, 1 quantum key distribution (QKD) has attracted a lot of attention since the absolutely secure key exchange guaranteed by fundamental quantum mechanical principles is feasible. [1] [2] [3] [4] In 1991, another important protocol was invented by Ekert 5 and is based on purely nonclassical Einstein-Podolsky-Rosen (EPR) correlations. 6 Since any information will be encoded on these single or EPR photons in QKD, generation of single photons or ''entangled'' EPR photon pairs is a fundamental requirement for an implementation of QKD based on BB84 1, 2 and E91 5, 7 protocols, respectively. At present, weak coherent pulse (WCP) [8] [9] [10] [11] [12] [13] [14] [15] [16] and entangled photons generated by nonlinear optical processes such as spontaneous parametric downconversion (SPDC) [17] [18] [19] [20] [21] are used as light sources, both of which provide photons in coherent state. Thus, inherent photon number fluctuation is inevitable, and photon generation essentially becomes probabilistic. In the case of BB84, for example, this will cause a low QKD rate since most of the pulses are empty. More important, the WCP can be never completely robust against a so-called beamsplitter attack due to residual multiphoton emissions regardless of a selection of average photon Shunichi Muto received his Ph.D. degree in Physics from the Tokyo Institute of Technology, Japan, in 1978. He worked as a research associate at Boston University and Washington University from 1978 to 1981, and as a researcher at Fujitsu Laboratories, Ltd., from 1981 to 1995. In 1995, he joined the Department of Applied Physics of Hokkaido University, Japan, as an Associate Professor, where, since 1997, he is a full Professor. Professor Muto's research interests are in the area of physics and applications of semiconductor nanostructures. Current research topics in his group include quantum computation using electron spins, coherent control of excitons and biexcitons in quantum dots, and wide bandgap semiconductors and optical pumping of nuclear spin polarization in a quantum dot. More information on his research can be found at http://www.eng.hokudai.ac.jp/labo/semi/index_english.html number per pulse. Actually, simple calculation shows that the zero photon probability P(n ¼ 0) under a mean photon number per pulse m WCP is expressed as P(0) % 1 À m WCP , while the multiphoton probability as P(n>1) % m WCP 2 /2 when the m WCP is low enough. 22 On the other hand, in striking contrast to the coherent light, photons in a number state have a purely quantum nature as a consequence of full quantization of the radiation field, in which no photon number fluctuation is involved. 23 To overcome these critical issues, therefore, deterministic single or entangled photon sources that will emit photons in the number state are necessary. Until now, deterministic single-photon emission has been demonstrated in several systems, such as single atoms, 24, 25 single molecules, 26 nitrogen-vacancy centers in diamonds, 27 gold nanoclusters, 28 semiconductor nanocrystals, [29] [30] [31] and epitaxially grown single semiconductor quantum dots (QDs). [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] Among them, epitaxially grown semiconductor QDs are the most promising because of their stability, high photon emission rates, current-driving capabilities, 36 well-established semiconductor technologies, and availability of multiexciton states that is essential for the entangled photon pair generation.
From a historical viewpoint, research on the deterministic entangled photon sources is still in an early stage. In fact, the first demonstration of deterministic entangled photon pair generation from a QD has been reported recently. 43 Concerning the deterministic single-photon sources with QD systems, distinguished progress has been achieved [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] since the first report in 2000 by Michler et al. 32 So far, in terms of a photon wavelength, almost all research focused on telecommunication wavelength applicable to QKD in fiber link [27] [28] [29] [30] [31] [32] except for the materials with a wide bandgap [40] [41] [42] toward higher temperature operation. However, for realizing a flexible and expandable secure network system, free-space QKD will be of prime importance as a complementary link to the fiber network. 22, 44 In the case of free-space QKD, photon wavelength should be tuned to a high atmospheric transmission window (i.e., around 770 nm) 45, 46 to minimize the channel loss. Another beneficial point of free-space QKD is that, unlike the fiber link, high-efficiency, low-noise Si singlephoton detectors (SPDs) are available. Furthermore, atmosphere is not birefringent at optical wavelengths, 47 and thus photon polarization is well preserved during transmission. This fact allows us to implement a simple polarization encoding for the key distribution.
By virtue of these novel advantages, free-space QKD is solely a unique system that can provide the highest secure communication over line-of-sight paths, including ground to satellite. 48 Despite several pioneering works along this direction, [48] [49] [50] [51] [52] research on free-space QKD is still based on the classical Poissonian photon sources since so far no quantum photon sources applicable to the free-space QKD are available. Therefore, deterministic single or entangled photon sources applicable to the free-space link are strongly demanded.
In this article, photon emission with nonclassical photon statistics is discussed with a single InAlAs QD based on our recent results. The deterministic single-photon generation with the InAlAs QD was achieved for the first time. Emitted photon wavelength was well coincident with the highly sensitive region of highly efficient and low-noise Si SPDs together with atmospheric transmission window. Photon emission processes of neutral and charged excitons were shown to be exclusive and did not take place simultaneously in the same single QD. It was found that selective formation of neutral excitons is possible by a quasi-resonant excitation, which enhances highly monochromatic nonclassical single photon generation. Furthermore, polarization-correlated photon pair generation was also demonstrated using a biexciton-exciton cascaded transition (BECT) process, that is, jXX> ? jX> ? j0>, which strongly encourages a realization of the polarizationentangled photon pair generation.
FABRICATION AND CHARACTERIZATION OF SINGLE INALAS QUANTUM DOT
To implement highly efficient deterministic photon sources suitable for a free-space quantum channel, the emission wavelength of the semiconductor QD should be adjusted to the wavelength region with high atmospheric transmission and high sensitivity for SPDs. 56 These QDs were prepared in Stranski-Krastanow (S-K) growth mode on Al 0.3 Ga 0.7 As layers and were sandwiched with Al 0.3 Ga 0.7 As layers. The topmost surface was terminated with a GaAs cap layer. Since coupling effects between adjacent QD layers separated by the 11-nm thick Al 0.3 Ga 0.7 As spacer layer were almost negligible, 57 we focus on the In 0.75 Al 0. 25 As QDs. Figure 1 shows photoluminescence (PL) spectrum from the macroscopic region of In 0.75 Al 0.25 As QDs at 22 K. It was found that inhomogeneously broadened PL spectrum with about 90 meV full width at half maximum (FWHM) covers the wavelength region with high atmospheric transmittance and high sensitivity of SPDs. The additional structure found at around 730 nm stems from the wetting layer (WL) belonging to the S-K QD. After the growth, the sample was etched into mesa structures with the top lateral size of about 150 nm for isolating a single QD.
A scanning electron microscopy image of typical mesa structure is shown in the inset of Figure 2b , and the details of this sample preparation are described in Ref. 56 . A mode-locked Ti:sapphire laser at a 730-nm wavelength with the pulse width 80 fs and a pulse repetition frequency of 82 MHz was used for pulsed excitations, a He-Ne laser at a wavelength of 632.8 nm, and a continuous wave (CW) Ti:sapphire laser were used for CW excitations. An objective lens with a numerical aperture (NA) of 0.5 and a magnification of 50Â focused the laser beam on one of the mesa structures and collected luminescence emitted from several QDs in the mesa. Collected luminescence was dispersed by a 0.5-m single monochromator or a 0.64-m triple monochromator and was detected with Si charge coupled device (CCD) detectors or a streak camera. For evaluating photon statistics of emitted photons from a single QD, photon correlation measurements were employed by a Hanbury-Brown and Twiss (HBT) setup 58 with auto-and cross-correlated configurations. The data were taken at 22 K or 4 K.
NONCLASSICAL SINGLE-PHOTON GENERATIONS
One of the fundamental aspects of semiconductor QDs is their atomiclike discrete energy spectrum. However, QDs exhibit quite rich physics compared to natural atoms, for example, effects of dot size and shape variation, 59-64 local field, 62, 65, 66 continuum state, [67] [68] [69] and charged species. 61, [70] [71] [72] [73] [74] Therefore, the origins of emission lines are not self-evident, and transition energies differ dot to dot. Since the quantum photon sources are based on a recombination of excitonic complexes, understanding the electronic-level structure and identification of emission lines from our ''artificial atom'' 75, 76 is essential for the implementation of the nonclassical photon sources. Figure 2a shows a streak image obtained from a single InAlAs QD under WL excitation at the excitation power P ex of 2 mW. The corresponding time-integrated PL spectrum is illustrated in Figure 2b . Several sharp emission lines (L1-L4) were well resolved. Although the energy positions of these emission lines are different from dot to dot, a series of emission lines in which the energy separation is around 4-5 meV was observed in most QDs. L1 and L3 emission lines, with energy separation of 4.5 meV as shown in Figure 2 , are the typical case. Thus, the two Decay curves of both lines L1 and L3 are shown in Figure  3 for two excitation powers. Under P ex ¼ 2 mW, both lines show single exponential decay after a sharp rise, and lifetimes of 1.02 and 0.55 ns were obtained for L1 and L3 lines, respectively. Under P ex ¼ 4 mW, rise time became apparent in L1, and crossover of PL intensities was also observed. These observed behaviors under off-resonant excitation are well explained by a model presented by Santori et al. 77 In this model, an initial exciton population in a QD is assumed to have Poisson distribution P(n) ¼ m(0) n exp(Àm(0)) /n!, where n is a photon number per pulse, m(0) is an initial mean exciton number in a QD, and time evolution of biexciton and exciton PL intensities are assumed to be of the form I X (t) ¼ gI 0 P n (t) and I XX (t) ¼ 2gI 0 P n (t), respectively, where g is a characteristic decay rate, I 0 is a constant expressing the collection efficiency, and P n (t) is a probability of finding n excitons in a QD at a time t under a uniform decay of mean exciton number as m(t) ¼ m(0)exp(Àgt). The thick solid lines in Figure 3 are fitted PL intensity evolutions for these two excitation powers with the common characteristic decay rate of g ¼ 0.9 ns À1 . From this analysis, initial mean exciton numbers in a QD, m(0) ¼ 0.4 and 1.6 were estimated for P ex ¼ 2 and 4 mW, respectively. Excitation power dependence of L1 and L3 was examined with CW excitation, and linear and bilinear increases of the PL intensity with the higher excitation power were observed as shown in Figure 4 , which are the characteristic features of exciton and biexciton recombinations, respectively. Besides, both lines exhibit finestructure splittings discussed in more detail below. Therefore, these results ensure that L1 and L3 peaks originate from neutral exciton X 0 and biexciton XX 0 emissions, respectively. This discussion suggests that the neutral exciton and biexciton recombination events take place in the same QD.
In the following, nonclassical single photon emission is investigated by second-order photon correlation measurements. A direct way to evaluate the statistics of emitted photon is just ''counting'' of the number of photons per excitation cycles. However, such a photon counter that can distinguish different photon numbers with high efficiency is now under development 78 and not commercially available. In this work, therefore, Si-avalanche photodiodes were employed as SPDs, and the second-order photon correlation function g (2) (t) was measured with HBT setup 58 to determine the photon statistics. In Figure 5 , our experimental setup is presented. Collected luminescence from a QD is divided into two beams by a 50/50 beamsplitter. Each beam is then dispersed by a 0.2-m monochromator (MC1 and MC2) and a single emission line is filtered with 1-nm FWHM transmission bandwidth. The transmitted photons are introduced into each SPD through optical fibers. Each time a photon is detected in one of the detectors, an electronic pulse is produced and sent to a time-to-amplitude converter (TAC). The outputs of SPDs serve as start and stop signals for correlation measurement. The temporal difference between the two outputs, which is defined as t ¼ t stop À t start , is translated into a pulse height. Finally, 13-bit multichannel analyzer (MCA) accumulates the single event data and produces histograms of the number of counts as a function of the delay time t. The overall temporal resolution of the setup is estimated to be 1 ns, limited by the time jitter of the detectors. By selecting the photon wavelengths on each path, photon correlation function can be measured under both autocorrelation and cross-correlation configurations.
Experimentally, normalized second-order correlation function, defined as g (2) (t) ¼ hI(t)I(t þ t)i/hI(t)i 2 , where hI(t)i is an expectation value of the intensity at time t, 23 is readily constructed by measuring the joint probability of detecting arrival time of one photon at time t and another photon at time t þ t as long as t is much smaller than the mean time between detected events. 79 This condition is always satisfied throughout this article, and the secondorder correlation functions were directly measured through the intensity correlation.
At first, photon statistics of emitted photons from a single InAlAs QD were studied under CW excitation. The PL spectrum of this sample is shown in Figure 6a , and an excitonic transition at a wavelength of 774.4 nm, denoted by an arrow, was used for the photon correlation measurements. Detailed description of the optical properties on this sample is given in Refs. 80 and 81. Figure 6b shows a measured second-order correlation function g (2) (t) at around zero time delay, whereas the extended time range profile is shown in the inset. In this experiment, excitation power was 10 mW, which corresponds to a steady-state exciton population in a QD of less than 0.1 81 from a rate equation analysis with the four-level ladder model. 82 It is obvious that the correlation count at t ¼ 0 is strongly suppressed. This photon antibunching behavior, des cribed by g (2) (0) < 1, is a clear manifestation that the photons emitted from the InAlAs QD have purely a quantum nature. 23 Since the correlation function at zero time delay, what we call coincidence count, is expressed as g (2) (0) ¼ 1 À 1/n for n photon number state, observed g (2) (0) *0 indicates that one and only one photon emission (i.e., single-photon emission) in number state (n ¼ 1) is realized. This is a first demonstration of nonclassical single-photon emission from the single InAlAs QD, which will be applicable to the nonclassical photon sources for free-space channel. It is found that the measured correlation function is well fitted by a convoluted curve f *g (2) (t), indicated by the solid line in Figure 6b , where f is the time response function of our experimental setup, 80 and g (2) (t) is expressed as g (2) 
. 79 Here, a is a fitting parameter phenomenologically introduced to give a purity of single-photon emission, G is the excitation rate, and t 1 is the exciton lifetime. The red dashed line exhibits the correlation function g (2) (t) used in the present fitting procedure, and as a result, a is estimated to be unity. To realize highly efficient single-photon emitters, sufficient exciton population in a QD is necessary to reduce the probability to emit zero photons. Therefore, excitation power dependence of the photon antibunching properties is examined.
The a values measured as a function of the excitation power are summarized in Figure 7 . It will be clear that the a value remains almost unity under the weak excitation condition up to the CW excitation power of 50 mW, which corresponds to a steady-state exciton population in a QD of about 0.4. This result definitely indicates that the highly pure regulated single-photon emission is possible in the relatively weak excitation range. With the higher excitation above this critical excitation power, however, the a value was substantially decreased, and single-photon emission properties were degraded due to the interactions between multiexciton states and the exciton state under high excitation powers. 81 For a confirmation of deterministic single-photon emission per pulsed excitation, autocorrelation measurements (2) (t) at around zero time delay measured at the excitation power of 10 mW. Solid line shows an f*g (2) (t) curve to give the best fit to the measured data, and the red dashed line is a deconvoluted second-order correlation function g (2) (
Inset shows the g (2) (t) profile in the extended time range. Figure 8 , which corresponds to the L1 line in Figure 2b , was introduced into the HBT setup. The excitation power was set to satisfy the condition on an average initial exciton number m(0) < 1, and the resultant correlation function is illustrated in Figure 8 . In this measurement, the time window of TAC was 200 ns, and the signal was integrated over 1800 s. The observed peak period of about 12.2 ns corresponds to an excitation pulse repetition of 82 MHz. As observed in the CW excitation, a strongly suppressed coincidence count of g (2) (0)*0 was measured under the pulsed excitation. Deterministic single-photon emission per excitation pulse from the single InAlAs QD is now unambiguously confirmed by the photon correlation measurements.
COMPETING TRANSITION PROCESSES IN A SINGLE QUANTUM DOT
In this section, the competing transition processes in a single QD and the control of these processes are discussed with respect to the remaining L4 and L2 emission lines shown in Figure 2 . In terms of PL lifetime and excitation power dependence measurements, the L4 line showed excitonic behavior, that is, the measured lifetime was about 0.9 ns with weak excitation, and its PL intensity was linearly dependent on the excitation power. For further studying the L4 line, nonpolarized high-resolution PL measurements and polarization-dependent PL measurements were employed under the WL excitation with CW Ti:sapphire laser at 4 K. For the polarization-dependent PL measurements, a rotatable half-wave plate followed by a horizontal polarizer were placed in front of an entrance slit of a 0.64-m triple monochromator as shown in Figure 5 , and the rotational angle dependence of the luminescence was continuously measured under the linear basis (V ¼ 08) of polarization detection with respect to the principal in-plane crystal axes.
In the higher-resolution PL spectrum measurements shown in Figures 9 and 10 , the L4 line (781.553 nm; 1.58633 eV) remains as a single peak within the spectral resolution of about 15 meV. Moreover, no polarization dependence was detected in the polarization-dependent PL measurements, as shown in Figure 10a . These results attribute the origin of the L4 line to the trion state, 61 possibly negatively charged excitons (X À ) in terms of the positive binding energy relative to the neutral exciton. 55, 72, 83 Associated with the negatively charged excitons, a negatively charged biexciton that is composed of three electrons and two holes confined in a QD is also expected from an analogy with the neutral biexciton. In a high-resolution spectrum measurement shown in Figure 9 , the L2 line exhibits a doublet structure composed of L2 a (779.560 nm; 1.59038 eV) and L2 b (779.616 nm; 1.59027 eV) lines. Energy separation is 110 meV, which is strongly dependent on the dot size. The L2 line has a lifetime of 0.47 ns, and the luminescence intensity has a bilinear dependence of about P ex 2.1 . Hence, the L2 lines are assigned to be the negatively charged biexciton (XX À ), and the observed splitting is attributed to the isotropic electron-hole (e-h) exchange interaction in the excited trion state, 84 which shows dot-size dependence, reflecting the probability that the first or the second excited electron and the trion hole occupy the same position. 61 To reveal the mutual relations between neutral and charged excitons, the photon correlation function was measured under (start, stop) ¼ (X 0 , X À ) configuration. As a result, clear antibunching was observed as shown in Figure  11 . The adjacent periodic correlation peaks represent an X 0 photon emission by one laser pulse and subsequent X À photon emission by the next pulse after a 12.2-ns interval. The observed antibunching directly exhibits that the two emission lines X 0 and X À originate from the same single QD, 85, 86 and that neutral and charged excitons are formed exclusively with each other in the same QD.
This competing behavior is also reflected in a steadystate PL property. Figure 12a . The PL intensities as a function of excitation power were analyzed by applying a ladder model, 82, 85 which is composed of 0-3 excitonic multiplex states as depicted in Figure 12b . By solving the rate equations, steady-state PL intensities I x and I xx are expressed as
, (1a)
where t i is the radiative lifetime of the ith state, p i is the probability of finding the ith excitonic multiplex in the QD, and G is an exciton excitation rate. The lifetimes of X 0 and XX 0 lines were fixed to the measured values of 1.02 and 0.55 ns, respectively, as measured in Figure 3a . The p-shell exciton decay time of about 0.3 ns was separately measured by a state-filling spectroscopy 87 with QD ensemble under sufficiently high pump power. Here, the biexciton excitation rate was assumed to be 1/2G because of the spin-selective exciton capture to form a bright biexciton. Calculated I x and I xx lines are given with the solid lines in Figure 12a , and the steady-state exciton population in one QD is shown in the upper axis. It is obvious that the present ladder model fits well for the total intensities of exciton (X 0 þ X From a practical point of view, this uncontrolled twocolor photon generation will result in a degradation of QKD quality, such as the decrease of the bit rate and probabilistic photon emission after spectral filtering. Therefore, higher control of charge states of an exciton formed in a QD is essential for the practical implementations to monochromatic and deterministic single-photon sources. In this regard, the population processes of excitons into a QD should be simplified, and the quasiresonant excitation will prevent the additional carrier trap into a QD via a continuum states such as WLs and barrier layers. It is found that the neutral exciton can be selectively formed in the QD and shows dominant contribution to the PL spectra, while the charged exciton emission is almost absent, as shown in Figure 13 . Although a detailed mechanism of the observed neutral exciton splitting into L1 a (778.068 nm; 1.59343 eV) and L1 b (778.134 nm; 1.59330 eV) line is not so far completely understood, this splitting is probably caused by the fluctuation of local field through the impurity state in the barrier layers.
POLARIZATION-CORRELATED PHOTON PAIR GENERATION
In the other sections, deterministic single-photon emissions from a single InAlAs quantum QD were demonstrated.
Based on this significant progress of deterministic singlephoton sources, generation of nonclassical EPR photon pairs, so-called entangled photon pairs, 6 is becoming more and more important. [88] [89] [90] So far, entangled photon pair generation has been mainly demonstrated with nonlinear optical processes in bulk, such as SPDC [17] [18] [19] [20] [21] and hyperparametric scattering (HPS). 91 However, in these schemes only probabilistic emission is possible due to a contribution of collective states rather than a single atomiclike quantum system. Since the entangled photon pair plays a central role in the novel large-scale quantum communications with a common synchronization signal, realization of deterministic entangled photon pair sources is a crucial and challenging issue. In this section, criteria for entangled photon pair generations are discussed, and our recent demonstration of polarization-correlated photon pair generation is reported, including the overview of the current status of research in this field.
The three schemes for the entangled photon pair generation (i.e., SPDC, HPS, and BECT) are schematically depicted in Figure 14 , and their optical processes are compared. In contrast to the simultaneous photon pair generation in the SPDC and HPS processes caused by the second-order and third-order optical nonlinearities, respectively, the BECT is based on sequentially occurring linear optical processes. Therefore, polarization dephasing in the intermediate exciton states is probable, which will spoil the expected polarization correlation between photons emitted from biexciton-exciton transition processes. This process is suppressed when the polarization flip time is longer than the exciton lifetime, which is one of the requirements for the entangled photon pair generation with the BECT scheme. Because the polarization dephasing involves interactions with environments inherent to the solid-state systems, 92, 93 even though such effects are in general strongly suppressed in a QD 94, 95 , this requirement can be a crucial issue. Actually, as far as we know, a polarization-correlated photon pair was observed only in the limited literature with InAs 96, 97 and CdSe 98 QDs, while no polarization correlations were observed from InAs QD in some literature. As the second important issue, exciton-level splittings due to anisotropic e-h exchange interactions will also cause a serious effect on the entangled photon pair generation. 43 When the two bright exciton states are degenerated as depicted in Figure 15a , generation of a polarization entangled photon pair is expected, in which the photon state is described as the entangled (Bell) state:
, where j> XX (j> X ) denotes a photon state emitted by biexciton (exciton) recombination and s þ (s À ) is a right (left) circular polarization. In this ideal case, transition energies of two decay paths are identical, and one cannot obtain the polarization information by observing the photon energies. Hence, ''which-path information'' is hidden. However, in the presence of state mixing caused by the anisotropic e-h exchange interaction between the bright exciton states, which is the case for lower symmetry than D 2d , degeneracy of bright exciton levels are lift off, as illustrated in Figure 15b . 59 Under this situation, the polarization information leaks to the photon energy; thus, the which-path information is disclosed, and the entangled state is no longer realized.
From the above discussion, the following two conditions should be satisfied to realize the entangled photon pair with the BECT scheme in a single QD system: (1) Polarization flip time of excitons is longer than exciton lifetimes, and (2) exciton homogeneous linewidths are wider than fine structure splittings between bright excitons, both of which are inevitable conditions for the polarization preservation and the hidden which-path information, respectively.
To confirm the optical BECT process experimentally, cross-correlation measurements under (start, stop) ¼ (XX 0 , X 0 ) configuration were carried out. In this case, excitation power was set to give m(0) > 1.5 for the sufficient count rate of biexciton emission, and the time window of TAC was set to 200 ns. Clear photon bunching behavior at t ¼ 0 was exhibited as shown in Figure 16a . This indicates that both the XX 0 and X 0 photons were emitted sequentially just after the excitation with laser pulses. To clarify the bunching behavior in more detail, the central peak was closely examined with a 50-ns TAC time window. As shown in Figure 16b , the correlation peak at the zero time delay displays asymmetric line shape; the abrupt rise near t ¼ 0, followed by an exponential decay for the positive delay time was observed. This reflects that, after the excitation, the biexciton is formed in a QD, and the XX 0 photon emission accompanied with the biexciton decay takes place. Then, the exciton population is fed, and the X 0 emission follows. This sequence is consistent with the distinct rise time observed in the exciton emission line as shown in Figure 3b . The strongly suppressed coincidence count at t < 0 indicates, on the other hand, that the inverse order process is much less probable because the biexciton repopulation from the ground state in the QD is necessary after the exciton recombination. 101 Therefore, the observed photon bunching in the (XX 0 , X 0 ) configuration unambiguously indicates a deterministic photon pair generation for each excitation pulse, which is expected by the energy-level structure in a QD as depicted in Figure 15 .
For further investigation of the excitonic energy-level structure in a QD by means of spectroscopy, both nonpolarized and the polarization-dependent high-resolution PL measurements were performed for both the neutral biexciton (L3) and the exciton (L1a and L1b) lines. The results are summarized in Figure 17 . It is clearly found that the nonpolarized PL spectra denoted by black curves are composed of two orthogonal linear-polarized components, indicated by red and blue curves obtained under 08 and 908 polarization angles, respectively. Furthermore, those two components show an anticorrelated behavior; that is, at the polarization angles where the longer wavelength component is dominant in XX 0 , the shorter wavelength component is notable in X 0 and vice versa. The energy splittings between the two linearly polarized components are around 
is expected in the BECT scheme. On the other hand, for an asymmetric QD, two exciton states are a linear combination of the two angular momentum eigenstates, that is, jx> ¼ jþ1>ÀjÀ1>, jy>j ¼ jþ1>þjÀ1>, and therefore the degeneracy is lift off. This provides which-path information in their emisisons. Spin flip time of 1/(2T sf ) between two exciton states is discussed in Section 5. 30 meV for both the XX 0 and X 0 emission lines. These results clearly indicate that the degeneracy between two bright exciton levels were lift off due to the anisotropic e-h exchange interaction, 59 and the fine structure splitting was sufficiently discerned, as is illustrated in Figure 15b .
With respect to the second condition for the entangled photon pair, the observed fine structure splitting should be lowered below the homogeneous broadening of around 5.5 meV estimated by heterodyne four-wave mixing (FWM). 102 Since the anisotropic e-h exchange interaction between bright exciton states originates from the anisotropy of an exciton confinement potential, further improvement of QD growth condition or applying external fields will overcome this exciton-level splitting, which will lead to the disclosed which-path information. 43 The broadening of the homogeneous linewidth through the Purcell effect can be another promising approach to this problem. [103] [104] [105] It should be stressed that, from a viewpoint of the first condition related to polarization preservation, the anticorrelated behavior observed in the polarization-dependent PL measurement strongly suggests an inefficient exciton spin flip in the timescale of exciton lifetime, while otherwise the polarization dependence will be lost in the X 0 emission. To investigate directly the polarization correlation between the XX 0 and X 0 photons emitted after each excitation pulse, polarization-dependent photon correlation measurements were carried out with the experimental setup shown in Figure 5 . In the measurements, polarized beamsplitters are placed after each monochromator of MC1 and MC2 to select the photon polarizations. Colinear and cross-linear correlation were measured in (XX 0 , X 0 ) ¼ (V, V) and (H, V) configurations, respectively.
The obtained histograms are shown in Figure 18 , where the coincidence counts were integrated for each correlation peaks. The area of the zero-delay peak is normalized to the average integrated area of the other peaks. The resultant zero-delay peak area for the colinear and cross-linear configurations was C VV ¼ 3.4 ± 0.5 and C HV ¼ 0.74 ± 0.15, respectively. Observed coincidence counts under colinear and cross-linear configurations show remarkable difference from the average value of unity, which indicates the polarization-correlated photon pair generation in the BECT scheme.
Exciton polarization flip time can be estimated based on the energy-level diagram as depicted in Figure 15b , including the exciton spin flip. 97 Probabilities of finding the exciton in jx> and jy> states at a time t, that is, p x (t) and p y (t) respectively, can be calculated from the rate equations: dp x dt ¼ À 1 2T sf À 1 s rad p x þ 1 2T sf p y ð2aÞ dp y dt
where 2T sf is the spin flip time, and t rad is the exciton recombination lifetime. Initial conditions are set as p x (0) ¼ 1 and p y (0) ¼ 0, and equal probability of the biexciton decay to the jx> or jy> state is assumed. Degree of correlation is defined as Z ¼ (C VV À C HV )/(C VV þ C HV ), where C ab is the coincidence count from the measurement in (XX 0 , X 0 ) ¼ (a, b) configuration. C ab is given by calculating the joint probability of emitting a a-polarized photon for biexciton and a b-polarized one for exciton emission. Thus, using the polarization flip probability e [¼ 1/2(1 À Z)] the coincidence counts are expressed as C VV ¼ Z V,XX Z V,X (1 À e)/2 and C HV ¼ Z H,XX Z V,X e/2, where Z H,XX and Z V,X are the polarization-dependent collection efficiencies of XX 0 and X 0 luminescence, respectively. 97 As a result, exciton spin flip time 2T sf ¼ t rad (1 À 2e)/e ¼ 3.6 ns for the t rad ¼ 1 ns is obtained, which is consistent with the separately measured result from the FWM experiment with QD ensembles. 102 Therefore, the second condition (i.e., the polarization flip time of excitons is longer than the exciton lifetime) is sufficiently satisfied. and the polarization preservation in the present BECT scheme is shown to be possible.
SUMMARY
Single-photon generation with nonclassical photon statistics from InAlAs QDs was demonstrated for the first time. Emitted photon wavelength is well coincident with the highly sensitive wavelength region of highly efficient and low-noise Si SPDs and with the atmospheric transmission window. Therefore, it is highly preferable for the implementation of a quantum light source for free-space QKD. The contribution of competing transition processes between exclusively formed neutral and charged exciton species in the same single QD was revealed. Selective formation of the neutral exciton was shown to be possible by the quasi-resonant excitation, which will lead to the realization of the monochromatic and deterministic singlephoton sources. Polarization-correlated photon pair generation was also demonstrated using BECTs belonging to the same single QD. This demonstration directly implies the polarization preservation is possible in the timescale of exciton lifetime, which is quite encouraging for the deterministic polarization entangled photon pair generation. One of the remaining issues is suppressing the fine structure splitting of bright excitons for erasing the which-path information in the BECTs. As discussed by Stevenson et al., 43 preparing the highly isotropic confinement potential by the further improvement of the QD growth condition or applying external fields could be a solution to this issue. The broadening of exciton homogeneous linewidth through a Purcell effect can be another promising approach to overcome this problem. [103] [104] [105] 
